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ABSTRA:T

The ability to measure and predict atmospheric
°7.

turbulence affecting laser baim propagation is a 3ajor

concern when considering military applications. Such a

method using a telesope, high resolution television camera,

video tape recorder, digital storage oscilloscope, and

calculator system has been devised, tested and utilized. A

laser beam signal i- recorded on video tape for further

processing. This signal is li3played, stored and digitized

using a Tektronix 453 digitil storage oscilloscope. The

digitized signal is s.nt to a Hewlett-Packard 9825 computing

system for Fourier tcansform aaalysis and determination of

the refractive index structure zonstant, Cn 2 * eral

trials were conduzt.l using He--Ne and Ga-As lasers. The

results demonstrated good correlatiozn with theoratical

predictions as well is pr.vwiously analyzel lata.

Ii

1'.



1'ABLE OF 0C)NTENTS

I . INTRODUCTION *****..**... . .... 9

A* BAC KGROU N) 9

B * PROBLEMI..***.*.. 10

IT. THEORETICAL C3NSIDERATI)DIS .... *... .*13

ITII. EXPERIM1ENTAL PROCEDURE .. * .** . .16

IV. COMPUTER PROGR&ZM IN ALGORITHMIC LANGUJAGE **...55

V. CONCLUSION. .***....***88

APPENDIX A 8 9

LISTI OF REFERENCES *****.*.** . .99

INITIAL DISIRIBUTI3N LIST . . . . . . . . . . . . . . . 100



, . C... -

LIST OF P13URES

• 3.1. Laser Experizentil Set-Up ........... 17
S"3.2. Plot of Source Data for He-Ne Laser . . . . . . 21

3.3. Plot of Source Data for 2a-As Laser . . . . . . 22

3.4. Plot of Scale Data for He-Ne Laser . . . . . . . 23

3.5. Plot of Scala Data for 3a-As Laser . . . . . . . 24

3.6. Plot of Poi3t Spread Finction for He-Ne Laser . 27

3.7. Plot of Point Spread Function for 3a-As Laser . 28

3.8. Plot of Line Spread Function for He-N- Laser . . 32

3.9. Plot of Line Spread Fuaction for 3a-As Laser .3

3.10. Plot of Fourier rransf,rm of LSF for He-Ne Laser 34

3.11. Plot of Foucier rransform of LSF for Ga-As Laser 35
3.12. Plot of Optizs Diffraction for He-Ne Laser . . . 36

3.13. Plot of Opti-s Diffraction for Ga-As Laser . . . 37

* 3.14. Plot of LSF of Optics Furction for He-Ne Laser . 38

3.15. Plot of LSF of Optics Function f r Ga-As Lase= . 39
3.16. Plot of Fourier rransform of LSF of Optics

Function for He-Ne L!sa.r ............ 0

3.17. Plot of Fourier rransfDrm of LSF of Optics

Function for Ga-&s Laser ............ '1
3.18. Plot of HrF of Atmosphere for He-de Laser . . . 42

3.19. Plot of MIF of Atmospher- for Ga-ks Laser . . . 43

3.20. Plot of Computed Source ............ 44
3.21. Plot of Line Spread Function of Computed Source 45

3.22. Plot of Fourier rransform of LSF of Computed

Source .. . .. . . . . . . . .46

3.23. Plot of Products of Fourier Transform of

Computed Source, Opti-s and Atmosphere for He-Ne
., La ser 4.. . . . . . . . . 7

3.24. Plot of Products of Fourier Transform of

Computed Source, Optics ind Atmosphere for Ga-As

S Laser . . . . . . . . . . . . . . . . . . . . . 4



3.25. Pl ct of InvrSe Fouziec rransform for He-ye
La ser . . . . . . . . . . . . . . . . . . . . . L9

3.26. Plot of Invacse Fourier transform for Ga-As
Laser ..................... 50

3.27. Plot of Abel Traasform for He-Ne Laser . . . . . 51

3.28. Plot of Abel Transform for Ga-As Laser . . . . . 52

3.29. Plot of Pows Friction inside Cirzle of Radius R

for He-Ne Laser ................ 53

3.30. Pl&t of Power Friction Inside Cirzle of Radius R

for 7;a-As Laser ......... . 54

-

i~7

4.:

* -



ACKNOWLED3 EMiENT

- The author wishes to thinlk the personnel of Fort

Huachuca, U.S. Army Elactroni.:s Proving Ground for their

*support in this project. AllLtionally, I want to thank

Professor Ed Milne for his guidance and understanding

- throughout this proje~t. His I-,ovc of his work was indeed an

insPiration. I woild also-rt lke to thank Professor E.C.

Crittende for his aid with t~a laser operat~on and data

collection. Thanks to Professor Raymond Kelly for hi-s aid

in completing the thesis. Aa! last, but far from least, a

~2 sincere thank you to my wonderfal wife, Phyl, and daughters,

Kristen and Kimberly. Withoa: their love, support, and

understanding the completion of thi4s work would not have

beer. worthwhile.

3



A. BACKGROUND

The increasing aise of lasers and laser technology for

military applications has brought about a need for analysis

of the laser beam in its environment, the turbulent

.. atmosphere. A proje.t- a: Naval Postgraduate School dealing

with this subject-'- continuin- and is the main toic of

this thesis.

The patterns produced by lasers on targets have inherent

problems that include broadenin;, beam wander and in-ensiZy

fluctuations brought about by turbulence "rj the atmosphsra.

These effects of atmospheric tu-bulence or laser propaga-ion

have been well deterzined (Ref. 1]. In terms of the Fied

model, (Ref. 2], C ni, the refractive index structure

constant, has been determined to adequately express the

Modulation Transfer Function (MrF), or the Mutual Coherence

Function (MCF) for the atmosphece.

A system has been developed that provides a measurement

of C n for atmospheric turbalence along the optical path

through which a laser is propagated. The system employs a

4'.
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vidicon and telescope as the dat-ctor and a distant _: -r as

the source. This system luplizites the slit scanninq system

presently in use at Naval ? stgraduate School [Ref. 2].

Tests using the vilicon equipment have been previously

completed with values for Cnz on the order of 10-15 m-2/3

being obtained [Ref. 3]. Measurements have been made asing

*- the same experimental set-up, axcept that the Tektronix 468

Digital Storage OszilloscoDe are used for digi-zaion

insteal of the Quantex DS-30 Digital Video Processor. rhese

measurements have demonstrated values of z of comparable

accuracy.

B. PROBLEM

By using the digital storaga capability of the Zek-ronix

468, the previously recorded laser signal is used as an

inDut and is evaluatlt by modifying the program developed by

Crager [Ref. 4]. & brief ovarview of the prccedura is

described below. Detailel explintions of the experiment and

computer program are containe- in Chapters i and IV,

respectively.

The approach taken is basically the same as that of

Crager, but because of the unavailability of a disk R3 it

is necessary to store both caw and processed data cn

10
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magrnetic t ape. ah .t a a: .:ad a a 12

necessary by the HP 9325. ThS 1-asc assai3ptlcn n::g

analysis is that the horizoatil TV scan line through the

laser spot is considered to ac:carately mirror a point spread

function o f the i i ige. Final analysis using the 468

oscilloscope has shown this to bR a valid hypothesis. The

digitized data from the 468 o)szcilloscopez agree with the

previously measured lita ihich ass many pizals of tasvision

dat-a digitized by the DS-30 to express the point spr:eac

function.

The sequence of taalysis is that a video tape recording

is made of the TV i.mage of the propagated laser beam. The

ou-:put of the video9: :ecocer -3 sent to the Tsk-=onix 468,

where the derived TV scan line is digitized, averaged, and

stored. The HP 9825 records the ligitizei data and produces

a !Zne spread functiLon (LSF) , by intsgrating the point

spread function,

y (max)

LS F(xI = PSF(r) iy (1.1)

y (mmn)

where



* %,- ---- - - - - - - -

X = 2Z)

and computes the Fourier trinsform of the LSF. The

diffraction limitel Fourier t-insform of the optics is now

computed if the mrF of the optics has not been previously

measured experimentally. Next, the program finds the MrF of

the atmosphere by dividing the Fourier traasform of the LSF

fitting, the program zomputes a single value for Cn2.

The program now predicts the size of a laser spot on a

target using the calzalated val e of Cn2. rhis value of Cn2

is used to calculate in mrF of the atmosphere which is then

multiplied by the Fourier transform of a source, Ind the

Fourier transform of the o.::cs. The program then

calculates the inverse Fourier transform of the products of

the above and uses the Abel. transform to give the angular

point spread intensity distrioution. From this data, the

fraction of energy as a functi o of the total energy within

a given radius R is calculatel.

12



II. THEO__.rICAL :ONSIDE .ATIONS

The theory of laser beam propagation through a -urbulent

medium has been explained by :rittenden, aid others, and is

re-emphasized here for continuity purposes [Ref. 2]. Since

the effects of turbulence on laser weapons is of major

concern, measurement and pra.liztion capability for these

eff cts on laser bea-s is . rv.lvant

Due to the existence of r.:iprocity, these ideas apply

to either laser dasignators oc imagers [Ref. 5]. In the

study of the theoretical model by Fried, the effects of

atmcspheric turbule-:e are iviestigated :Ref. 6]. This

model uses the idea of a long term optical transfer function

(OTF) when considering atmoswiaric turbulnce. The long

term OT? results from simply tacing an image of sufficiently

long term which sees effectively all possible turbulence

configurations.

When observing taa effect 3f diffracti3n as the result

of the finite aperture of a point source, it can be seen

that the resulting image is not uniform. Considering the

poi.t spread function to have the same 3hape in the image

plane regardless of its positioa, the image function is the

result of the convolution of the source function and the

13



optics diffraction function. rhe convolution theore3, as

described in Fourier transfocit theory, yields

i(v (x) , v(y )H(v (x) v(y)*o (v x I v(y) M (v (x) ,v (Y) (2.1)

where

i(v(x) ,v(y) )=Fourier trinsfori of the image function

H (vM),v (Y)) Foul ie: tr CMor :)f the opticz diffraction
function

o(v(x) ,v(y) ) =Fourier transforn of the object function

H(v(x),(v(y)) = odulatti-oa Transfer Function of
the atmosphera

v =spatial frequency

A point source sach as a laser can be analyzed in. two

dimensions using a point spreal f unction. Through Fourier

transform theory, the image point spread funct:"on fs

transformed into a two dimensional OTF of the optical

signal. This problem may be simplified by scanning the

image point spread function using a vidicon or sli't-scanning

System. In applying the conv~lution theorem, the Fourier

transform of the image point spread function is multiplied

with the Fourier traasform of the optical system resulting

in the Fourier transform of the overall system. The Abel



tzirsform 4_Sscribel, by GrieM, is PPI-e! tc thi~:'

re-transform the o~a-dixensi~aal Image LSF into a two

dimensional image PSF (Ref . 7].

As demonstrated by Crittenden, and others, a numerical

value for Cn2 may be obtained by curve fitting using the

following:

[M exp(-21.L49*Cn2**Z*fs /3*IIA/3) (2.2)

where

M M T? of the atmosphere

Z = Range in meters

f = =~ Angular spatial freguancy in cycles/rad.ian

F = focal length of the optical system

v = linear spatial frequency in c-ycles/meter

A, wavelength in aeters

Cn2 is obtained by a linear regression of

ln(fl) = 21.49CIn2*Z*fs/3A,-1/3 (2.3)

where C.2 is the only parameter.

15



III. EXPERjA_ A& I-OCED2EE

The experiment is performel using two different laser

sources, helium-neoa (He-Ne) and gallium-arsenide (Ga-As).

Figure 3.1 shows a block diagram of the experimental sat-up

used for both lasers.

The measurement of Cn2 along the optical path is made by

using a vidicon and ta.iescops i-: the fa: zal cf -.he csr:-ih:

in the basement of Spanagel Hall. Atmospheric turbulence is

prcduced by nine overhead hot air ventilators. The optical

equipment similar to that described in reference 3, consists

of a 6 inch diamet.r Cassegain telescope with a 90 inch

focal lengtb [Ref. 3].

Using neutral density absorption filters to attsriuate

the intensity of the laser beam, the telescope is

illuminated at its iaput apertu:-. The light image from the

telescope is split by a beam splitter with one beam sen- to

the vidicon and the other to a slit scanner for comparison

of the two systems. The light is then transformed to an

analog signal and recorded on a Panasoaic(NV-9240) video

tape recorder for processing. The data from the slit

*' scanning system are recorded on a precision instrument tape

_ recorder for analysis. After recording the video signal,

16
4i
"J



E-0~

00

CL

C-)

Cf) CL
x

U-)'
E-0

CT

r-44

'0-

0 E
'l)-4
mH

t7



an aly sis is accomplished usiag a Tektronix 468 Di~gitAl

Storage Oscilloscope and a Hewdlett Packard 9825 Cozoattin g

System. The linearity of the Panasonic tape recorder was

demonstrated in Criger's thesis. This is also confirmed by

observing the images as real time and recorded

displays [Ref. 31.

The 468 osci11os=3pe is set-up in the fol-owing manner.

An input signal to zhantel A is located on the scope using

the non-storage mole. rha s"16nal I s th,:-n disolaved usin-g

the A INTENSITY switch of the horizon~al display. This

2Xntenrsified zone is ased to position the 3 sweep (delayed)

to the desired location withIn the A sweep interval to

obtainan expanded view of a waveform for examinatio. Oc

the waveform *s zentered o n the scope, the horizo 7tal

display Is switched to B DLY'D. This is done to facilitate

the digita trg icir !m base by using the sptting

of the B TIME/DIV switch.

The waveform is expanded in time by decreasing the A

TIME/DIV switch sett-ing and moving the waveform back to the

middle of the scope using the delay time posi:ti-cn control

dial. When a representative iaveform is obtained, the B

TIME/DIV switch is then used in conjunction with the delay

18



tiJMe pcsition ccn-trol dil o p .; ths time sa

the single central lliximam of the waveform is Ce:ta=91 azd

one horizontal sweep is displayed.

once this wavefoca 4s satisfactorily Dbtained, the AVG

storage mode is selected. The 468 will average the input

signal for a selectad number of sweeps and display the

accumulated wavefora. All data for t'-his thesis use 32

sweeps for eaeh average. The 46 is now ready to transfer

data when interrogated by the HiP 9825.

The computer Is 'he controller for all int-arfacin g

operations with only a Mii.imal amount of operator

interaction. The 3perator -riterface _3 mainly to ensurea

that the equipment, is properly set up and to select if data

are to be plotted. Digitization of the analog signi3L* is

accompl-ished by the raktronix 4-31. Processed wavefors data

are transferred fronz the miL-roprocessor memory to the

Storage Display Hill [Ref. 8].

The controlling ?rogram of the HP 9825 Interrogates the

468 via the IEEE L188 interfaze bus. The 468 receives the

data request from the controller and sends the waveform

message, both preamble and data. The waveform message is

stored in the cac trmmry fcr further processing.

19



When the message is compl ted, the 468 con-ludes with an end
of instruction zecaiaatoc and the controller takes con.roi

of the bus again.

Data processing of the digitized signal begins with the

data being stored on magnetic tape for further use by the

computer. The data ire stored, processed and plotted by the

main program. Subroutines are zalled as necessary for their

specific uses. The two signal waveforms are recorded and

processed. First, the signal Erom a lase: beam cident at

the aperture of the te-lescope is recorded. Figures 3.2 and

3.3 show these recorded data wiich are referred to as the

source data. .Second, for calibration, the signal from a

laser beam with diffracti o grating in T!ace at th

aperture of the telesc-ope is r.zorded. The entire system is

calibrated by using a gratin-g that consists of closely

* spaced vertical bars in front of the telescope. This

produces a diffractioa pattern in the image plane and allows

for the calculation 3f the scale factor. These recorded

data are referred to as the sca.-le data and are plotted in

Figures 3.o4 and 3.5.

During the recorling process, the signal from the laser

beam is recorded on video tape while the signal is observed

20
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on the 459 oscilsoe Thsp9edr s i1:~n

data taking since laser alignmaat aad tseszsops focusJag area

often very sensitive to minor movements of either. U Pon

completion of rezoriing the lata on v.6deo tape, the

experiment is ccncerned wi~th the compi latio:n and analysi s of

data. The fi.rst itza 'to be determined is -he scale factor.

once the scale fac-tor has bean IIetermine-I, i:t will :9main

contan thougoutthe calculitioas, unlss -che zlasccpe

focal length is changed.

The scale factor is calculited in 'the followi-ng muanner.

The number of points between the peaks In the plot of the

scale data (d ftractIL4on grat.ing ; i: pa ce fron-6 -f -:he

telescope aperture) i.S MeISUred. Whzen the Udistance? beze(-

peaks, the s-paci.-ng betweea the bars in the grating, and the

wavelength cf the laser ire kaown, :he scale factor can be

calculated from the relat-ion

sia (theta) X/ (3.1)

sin (thetal theta (3.2)

* (small angle approximation.)

sf = (theti)/ndp (3.3)

*sf sA/dndp) (3.4)

25



where

sf =scale fac-tor in radians pe: point

A =wavelength in zeters

d =spacing between lines on griting in meters

ndp =numbe;p of points between* zentral maximum
and first order diffract-Dn peak

This- s--andardizes t6he data for the abscissa of :he- plots inr

rad-Lans per point.

The program now tikes the transferred data and computes

a point spread funct-io)n as sho)wn in Figures 3.5 and 3.7.

Figures 3.8 and 3.9 rspresent th e poiat spread funz-:icn,,

:er itegration usin squat:on (.) to ob-tain a l ine

spread f uncti-.on. Next, the Fou riAer transform of the line

spread function is calculated. These curves are plotted In

Figures 3.10 and 3.11.

The diffraction of the opti--s is computed and platted as

shown i4n Figures 3.12 and 3.13. Following the same method

as before, the line spread f.ua:ction of the optics function

* is calculated and plotted in Figures 3.1!4 and 3.15. The

program now takes the F'ourier transform of the optics

function LSF. These data are plotted i-n Figures 3.15 and
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3.17. Th F u : r , an forms f he Systam n 1 zi- e

divided point by point to yieil the MTF of the atmosoh-are,

as shown in Figures 3.18 an! 3.19. The 1TF of the

* atmosphere will be used to ca l.alate the long-term valua of

SCn 2 .

Ca is calculated by lineir regression of ln(!TF) versus

fS/3. The slope of the regression is proportional to CnZ.

Twc simultaneous equations are solved using Crame's rul.

* _ and the matrix ROM of the HP 9825. The equations used are

a*X + b*I - Y (3.5)

~*Xz b*X =Y*X (3.6)

where

a = slope of the curve

b = intercept

X = summation of (I*sf)**(5/31

X**2 = summation of (I*sf)**(10/3)

I = point number (total number - 256)

Y = summation of natural logarithm of !TF

Y*X - summation of products of two values

29



Cn2 is obtained from the ibove. .nformaticn using equati:on

(2.3). This will yield

CnZ = a/(-21. 49*Z*f**(5/3)* **(-1/3)) (3.7)

The program now goes to the prediction phase after

calculating C n 2 fDr the atmosphere. If a Gaussian

distribution for an input source and a value of the standard

deviation are assumed or known, the resulting source

function can be calculated. A plot of the computed source

is shown in Figure 3.20. It can be seen from this plot that

the half-width at half-maximum is approximately 4

microradians. As before, th. line spread function of the

computed source is caiculated and plo.ted. This is shown in

Figure 3.21. The Fourier transform of this data is

calculated and plotte . in Figure 3.22.

The program now multiplies the Fourier transform of the

computed source with the transform of the system (including

the atmosphere) and plots the result in Figures 3.23 and

3.24. Plots of the inverse Fourier transform are shown in

Figures 3.25 and 3.25. Next, the Abel transform is computed

and plotted in FigurB3 3.27 and 3.28. The Abel transform,

as described in Chapter II, transforms a one-dimensional
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1l ze spread "unction rinto a to-d iensi4i s; in:

function. Finally, tme fraction of power iLnside a circle of

radiuas R is calculatal and plotted as shodn in Figures 3.29

and 3.30. rhis is the fraction of power that one would

expect to be incident on a target using the measursd value

of atmospheric turbulence as an input parameter. A detailed

analysis of the computer progzaa is the subject of -ths next

chapter.
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I V. COM1PUTER 2 ROGRAM 1 ~ALG~ORITH31:: LANGUAGE

The program preseated here is write rn :e a qorith6',M-C

*language as outlined by Graha [Ref. 9]. It ;is int-de

that the language in use here be macdine indfependent.

Comments appear in parentheses.

Alacrlthm Laser

(Irnput which laser is used.)

Input LaserWavelangth

ESTRING<== Type3f-Laser

(Input if the particular laser source data are recorded.

The f:oll1owi4ng li-n es letermins -.f the laser source data are

already reccrded. rE the sour:= data are aot r-corded then

the program goes t, the transfer subrouTine to ~lo

interfacing with the 468 to eEfact a data transfer. The

parameters passed -o the Plot subroutine have the following

signifi-cance: the first parameter determines ths horizontal

index, for example 512 points or the number of microradians.

The second parameter tells the computer whi.ch file the data

are recorded on so t~a data can be loaded into memory. The

final parameter determines the labeling of the horizontal
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axis eithe- in ata poias, 0i.-ora.ia.s, or aS per

microradi.n. )

Call Transfsr (Source File)

Cal Plot (512 ,Source_File,O)

End If

(Irput if the particular laser scale data are recorded.

Scale data are recorded with the diffraztior grating i_

place. If the szcale data ieed to be recorded, the

subroutine Transfer is called aid the scale data are stored

on a separate file.)

If LaserScale-not re-orded then

Cal. Transf.er (ScaleFie3

-a3. Plot(512,Scale file0)

End If

Input ScaleFactr

(Calculation of the scale factor is detailed in Chapter IIM.

Comparison of the time base 3f the recorded data is

necessary to ensure that the lata recorded have the same

time scale on the Dscilloscope. If the time scales are

different the program stops aril displays in error message.

A file is loaded, the wavef3r2 preamble is searched for the
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"XUNITS" or "XINCRI" oscilbascope s-zttings --h ne

particular data are stored. This -s done for each- 11is~ 3

recorded files: source, scale, and collimated data.

Collimated data re-far t 3 the same laser recorded under

controlled conditions. The liser beam is projected in a

*collimator and recoried on tape. This data could be used to

remove any non-lineacities of the video recorder, electronic

equipment, or receiviag optics. Data slezentS are compa~eQ

to ensure consistency of inputs.)

Input Laser source

B< p s(L a ser S:)Li rc e, RB'

Rl= val('B.2',3+41)

B<== P0 s(TLase:S:e,qITT:

ASTRING<== Laser 3ource(IB.3#,IB+4I)

Input (Laser-Scalet

B<== pos(LaserSc;AlP.,R:')

* R2<== val('B+21,B40)

B<== pos(LaserScale,'IT:')

BSTRING<== Laser_3cal.('B+3' , '5+L&)

*Input (Coll imated_3our--e)

B<== po s(Collimate d So urca, R: 0)

R 3<=- v alI'B+21 I'a+4)

B<== pos(ColiatedSourc9,'I?:')
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CSTRING<:= Coi2~iated!- S'ur-7'81+3 1, ,3+4 1)

If R1=R2-R3 t hean

If ASTRING = BSTRING = CSTRING then

Input RDATA(Filaeiumber)

End If

Else

Output 'ERRJR IN TIM~E 3SZALE'

s top

End If

(Array is initialized to 0)

Do for I1 1 to 512

YD ATA (I) <== RDATAI (1)

End Do

(This section takes the data fcom the waveform 2essage as

transferred from th 468 and reaoves any DC background from

an. image as veil is subtractin; the minimuam value in order

to "zero" the data. This makes T=0 as the starting point

for both calculation and plotting purposes. Data up to3 51

* and greater than 463 are summed and stored in B.

This represents the "winags" of the curve. This

process removes the DC background from an 4image.)

Do for I x 1 to 512
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7 -7 .~. . ... ... . . 4

A<- A+YDATA(I)

If I < 51 than

B<-- YD.kTA(I) + B

End If

If I > 463 then

B<= YD&TA() B

End If

~ DO

(Output for debuggiag)

Ou-put A,B

(Average of the sam of data values in the "wings".)

D<== 8/100

(This is the total 3im of all !lta less the "wings" vaiue.)

A<== A-512*D

(All data are summel and store! in C. Each data

is compared with the previous total divided by 2.

This will find the iadex value, I, for which

the maximum value exists.)

Do for I = 1 to 512

Y DATA (I) <== fDATA (I) -D

<z YDATA(II + z

If C < A/2 then

J<== I

594
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End If

End Do

(Output for debugg"ig.)

Output C.J

(The curve is shiftel so that th-3 maximum value starts

at the origin of tahorizontal axis. This is called

the point spread fun:tion and is recordea as RDATA.)

Do for K =1 to 236

I DATA (K) <==

YDATA((J-K+ 1) mod512+11 +YD&TA ((K1-J- 1)mod5l2+ 1)

End Do

Do for 3 = 257 -to 512

RDATA(I)<== 2

End Do

Do for 1 1 to 256

RDATA(I)<== ZDATh (I)

End Do

(Determines if tabular or plotCad data ara desired.)

If PSF OUTPUT vaated then

*Call Table(RDATAI

End If

If PSF-PL3Tvanted then

Call Plot (32, RDAr A, 1
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(Calculates the liae spread fuaction from the poirt

spread functiJon.)

Call LSP

(Determines if tabular or plotted data are desired.)

If LS?-OUTPUTvwaated then

Call Table(RDATA)

Else If LSF PLOT vanted thea

::all Plot (32, RDATA,1)

End If

(Calculaticn of Fourier T.ransformi of LSF.)

Input RDArk

(The max-mum value ofe ary DTisa 1=1. This

:s put back Into array RDATA arid folded over so that

IDATA(257) to IDATA(512) is the mirror image of

IDATA(1) to IDATA(255). Then this array is recorded

as EDATA and the Fourier trarlsf:)rm calculated.)

Do for I 257 tD 512

End Do

Do for I1 1 to 256

RD ATA (51'4-I R DATA (I)

End Do



RD ATA(2 57) <= RD)k T A(256)

Call PXFORM

(Determines if tabulir or platted data are desired.)

If FIFOBKOFL3F)UTP3JT~vant.ed then

:all Table (RDATA)

*-Else If PXFORM OF LSF-PLOr-winted then

-aUl Plot (32, RDArA,2)

End if

(Dia of Obscur/DiaL of 3bj Lens in meters,RATIO=.064/. 164)

(This is the measurement- of the ratio of

diameters of obscaration to telescope.)

(Rl= Scale of dati -In mic:rrdians=1.60)

*(Diameter of teles~ope Obj Lens in meters, OBJE-CT=

0.164 meters)

If Laser-Source =He-tie then

wavelength<== 6.328*=e-7

Else

Wavelength<== 9.)5*e-7

End If

(This begins the :alzulation of the Fourier transform

of the optics using the Airy Eunction. All of the

data regarding the optics are recorled on a separate file.

(These next four stratemeats fic the constants in the
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argument of the opti:s functioni.)

Rl<== ScaleFaztor

"- D<== RATIO**2

SH<== 1-D

Z<-= PI*-ScaleFa-tor*3bje-ti1*e-6/Wavelength

Do for I 1 1 to 256

Y<- Z*(I-1

if Y > 30 then

RDATA (1) <== 0

Else

RDATA(I <== (AIRY(!)-D*AIRY(*RATIO) )**2/.**2

End If

K<=- I

End Do

(Record RDATA on separate fils)

(Determines if a plot of the optics function is desi.-i.)

If OPTICSFUNCTI3N_PLOT wanted then

Call Plot(32, RDArA, 11

End If

(Calculates the line spread function of the optics

function.)

Call LSF

(Determines if a plot of the LSF of the optics function is
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If PLDTOFLSFOPrICS wanted then

Call Plot(32, RDArA, 1

End If

Do for I = 257 t, 512

RDATA (I) <== 3

End Do

(Data are -=oi ed a "o v a z a a n :: i- c¢u::" : n- :S f 3r M

calculated.)

Do for I 1 to 256

RDATA (514-I) <== RDAT& (r)

:nd Do

RDAT A (257) <= RD rA(256)

(Record RDATA)

(Fourier transfori of the LSF of Optics is calculated.)

Call FXFORM

(Determines if plt of Fourier transform of Optics

function is desire1.)

If PLOT OFFXFOR.I OF )PTICS wanted then

Call Plot(255 ,RD&TA,2)

End If
S(Calculation of t a quotient of two Fourier transforms.)

(This section tkas the Fouri.er transform of -he system
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and divides "_, point by poiat, by the Fouzie t-an-fD:_m

of the optics. rhi3 yields t a modulation transfer

*..- function (HTF) of the itmosp are.)

Input RDATAOF FIFORMOF SOURCE

Do for I 257 tD 512

• .. RD ATA (I)< -==

End Do

*Do for I = 1 to 256

RDATA(514-I ) RDATA(1)

End Do

* Input RDATAOFFKFOR MOF_)PrICS

Do for I = 1 to 256

RDATA(I)<== IDATA (I) /RDATA (I)

End Do
(Determines if a pit cf "he F is desired.)

If PLOT_OF_MTFOF.ATM3S_wanted then

Call Plot(32, RDATA,1)

End If

(Calculation of Cn2 by curve fitting.

This procedure is lescribed in Chapter III.)

- (All "R" variables used in t iis calculation are

initialized to 0.1

R17<==l18<==R19<==R20<==R21<==R22<==R23<==R24<==R25<==O
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(|ra lsis Cf data Shows that Coz uetians3is was te

beyond 96 points.)

Do for I = 1 to 35

(R18 - when summed is the (f(i )1 o/3. This is the

total of the angular spatial fceguencies sguared.)
R19<== ((I-11 *Scaipe_Fa-tor)**(I0/3)

R17<== R17 # R18

(R19 - when summed : h (s(ii 5/3. .- : -:

the total of the angalar spatiil frequeni-.es.)

, .R19== (I-D Sca1e_Fa.:g:) (5/3)

R20<== R19 R20

(R21 - is the total number of points.)

R21<== I

Do While RDhrA(II > 3

(R22 - when summed is the total of the product of the

natural logarithm of each poi.ri with R19.)

R22<== In(RDATA(I *R19

R23<== R22 + R23

(,24 - when summed 1" the total of the natural logarithm

of each point.)

R 24<== Ln (RDATA(I)

R25<== R24 + R25

End Do
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End Do

(Output matrix values for deougging.,

Output R17, R20, R21 , R23, R25

* -t.Ar!sign value to mitrix.

This section takes the abovze zalculated values and

-ets up a matrix. rhe matrjl egualion solved is

B = -L* .

(Czsata 3 Aa:e A(2, 2) B3(2 ,1) ,C(2, 1) .

A (1 ,1)<- R20

A (1, 2)< -R 21

A (2, 1)<- R 17

INVERT- M~ RIXA

C (2, 1) <=R23

B<= A*C

(Output matrix valaes for debugging.)

Outpout B(1, 1),B(1,2)

(Calculation of C.2 using aquaticn (2. 3).

R22<== B(1,1)/(-21.49*Range#IR20*(Wavelengt-h**(-3333 3))

output 'CNSQ=', R22

(The program now starts the prediction phase. It

o calculates a sour--a assumed to have a 3aussian
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aistribution by meins of the !omputed source pattern

below. Using similir Fourier transform techniques

the program uses the calculated value of C.2 and predicts

the power incident on the targ-t.)

(Computed Source Pattern:A=A3*exp(-x**2/2*Sigma**2)

(This is an "arbitrary" Gaussian source pattern

with a standard deviation for Sigma set equal to 2.)

A*==A_ZZ.O

C<== S4igma*ScaleFactor

Do for I 1 tD 256

F< - = (I-11 *Szale FactD:

G< F**2/(2*C**2)

Do While 3 > 13

RDATA (I <== 0

End Do

RD ATA (I) <==A3 *exp (-GI

End Do

(Record RDkTA. Zhis records the computsd source.)

(Deteraines if plot of compted source is desired.)

If PLOTOFCOMPU EDS3URCE-wanted then

Call Plot(32, RDAIrA,01

End If

6 (Calculates the line spread Lun:ion of t.- computed
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Scurce.)

Call LSF

(Determines if a plot of the LSF of the computed source

is desired.)

If PLOT OF LSF-OF-CoMP-SOR:E =1 then

Call Plot (32, RDATA,O)

End If

sour-ce.)

Do for I1 257 to 512

RD ATA (1)<==

En d Do

Do for 1 1 to 256

RD ATA (514-I < R DATA (1)

End Do

RDATA(257<== RDArk (256)

Call FXFORM

(Determines if a plor. of the Fourier tracsform of the

LSF of the computed source i-s lesired.)

If PLOT OFFXFDRMOF..:OMPUTED SOURCE wanted then

-all Plot (256 DATA, 2)

End If

* (Calculation of tha product of two Fourlier transforms.)
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(This is the Foui.r transfo-M of the Computed scurcs

with the MTF of the atmospha.e.)

Do for 1 = 1 to 256

RDATA (I) <==

RDATA (I)_ OIPUTEDSUR:E*RDATA (I) _FXFMOFNTF

End Do

(Product of FXFOR,3 of Source*Atmosphere*Optics.)

RDATA (I) <==

RDATA(I}_PRODUCT 3F_2_FXFMS1RDATA(1)_FXFM OFOPTICS

Do for 1= 2 to 256

RD ATA (I) <=

RD ATA (I) _PRD UCTOF2FXFS*RDATA () _FXF _OFOPTICS

RDATA (514-It <==RDATA(I

End Do

RDATA(257) <== RDArA(256)

(The above data prelicts what the Fourie.r transform

of the entire system is, using the calculated

value of Cn2 for the atmospheric turbulence.)

(Determines if a plot of the result of Fourier transform

is desired.)

. If PLOTOFFXFORM PRODUCTS wanted then

Zal Plot(32,RDArA,21

End If
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(Inverse Fourier transform gives target LSF.)

Call INVERSEFXFJR M

(Determines if a plot of the iaverse Fourier transform

is desired.)

If PLOTOFINVERSEFXFROH-winted then

-aU Plot(32, RDArA,01

End If

(Ccnvsrts target's :).e d-rnens-:)na2 LS? a~

two dimensional PSF by Abel trassform.)

Call ABEL

(Determines if a plot of the AO.eI transfora is desired.)

If PLOTOFABELXFORMiwanted then

Call Plot(32, RDArA,Gj

End If

(Calculates the fraction of power inside circle of radius

R. This predicts the fractio2 of power that will be

incident on target.)

RDATA(1)<== 0.25*PI*RDATA(1)

Do for I-- 2 to 256

RDATA(I)<== 2*PI*RDATA(I)+RDATA(I-1)

End Do

(Determines if a plot of the fcration of power is desired.)

If PLOT OFPOWER wanted thea

71
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-af11 Plot (32, RDAr A,O01

End If

* End Laser

(The following subroutines are used in the Algorithm

Laser.)

Subroutine-Transfar (F-le-Nambe~i

(The transfer subroutine gets caw data, both Dreamble

and data from the wiveform message sent by the

468. It processes the message by finding the minimum

value of the array then subt-azting this value from

each element in the array. This "zeros" the array.)

Output 'Ensure Eaipment s9t up properly'

Output 'Continue ihen realy'

E<== (- 1)

Do While E = -1

("DATA" is the 1/0 buffer where the data from the 468 are

sen~t. The status f the buffer is read while data are being

t-rans ferred. When the transfer is complete, the intef ace

is cleared.)

Data<-= rrans ferred Data

If Data-Traasfer-Complate then

E<= 0

End If
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End Do

Cl ear- I nter face

N<i 1

(This is where heiler format stops and data begin.)

A<== pC s(Data,' %Il

Do for I =A+2 to 687 by 16

Do for J =1 to 16

If J41>S88 then

RJ<(= 3

N<== N4+1

End If

RJ<== na m(Data (t+J)

(The numerical values of each BILament are stored in YDkTA.)

YDATA (111 <== RJ

N<== N+1

End Do

End Do

E<== minimum (YDArk)

Do for I - 1 to 512

*YDATA(1) <- YD&ZA (1)-E

* End Do

StoreRDAT k (Fil e-N umber)

73

. . . . . . . -



-

R eurn

End Transfer

(This subroutine cal.ulates tha Line Spread Function

for the previously racorled point spread function

by using equation (1. 1).

Subrout ineLSF

(Depending on which file number has been passed down

from the calling subroutine, either scalz ;r source

data are loaded.)

If File Number ScaleData then

Input Scale-Data

RDATA<==SCALEDAEA

Else

Input RDAIA

End If

Do for I 1 1 to 512

TDAT (T) <-==

End Do

Do for I = I to 256

IDATA (I}<== EtDk&(7)

End Do

(Plots have shown that computer time is lost and no

valuable information is gained beyond about 24 points.)
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Do for 1 1 to 24

Output I

Do While R < 24

R<== S2RT (I*I+JI'jI

J<== J+1i

End DO

IDATA(I)<==2

End Do

Do for 1 1 to 2!4

RD ATA (I) <== I DAT&k (T)

End Do

If File !fumber =Scale-Data then

S tore Scal e 0 ata

Else

Store RD&A

End If

Return

End LSF
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(This subroutine calzulates th? Fourier transform

of the given data using the :Zoley-Tukey Algorithm.

If the inverse stateaent is true, then the inverse

Fourier transform is calzulate-.)

Subroutine FXFORH

Set-Rad ian_ ode

(2**9=512 which is the numbec of points.)

N<== 9

Do for I = 1 to 512

IDATA(I)<==

End Do

If File-Number = Scale-Data then

Input Scale )ata

Else

Input RDATA

End If

T<=- PI/2** (N-i)

Do for J x 3 to 2**(3-1)-l

(BI is a bit inversion subroutine.)

Call Bt(J,P,N-i)

C<-- cos (P'r)

If INVERSEFXFORM - True then

FI;7<== 1
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.s e

Flg7<== 0

End If

P<== sia (p*r)*(1-2*Flg7)

Do for I 2*RO*J.1 to 2*RO*J+RO

Rl<== RDATA(I

R2<== RDATl(t+RO)

3<c== IDATA(Ij

R4<== tDATA(I4RO)

RDATA (I) (== l1+R2*C+R4*P

IDATA (I)<== R3+R4*C-R2*P

RDATA(I+R0) <== Rl-R2*C-'i%*P

rDi1TA(I+P09 <== R3-R4*C.R2*P

End Do

End Do

3utput N

End Do

(This section is for re-ori.~ring the block.)

Do for I = 0 to 2**N-1

Do While 1-J < or

Do Whila I #J

P<== RDkTA(I1)1 /SQRT(2**N)

77



Z<== IDATA(I..i)/SQRT(2**N)

RDITA(I+1)<== RDAT"A(J+1I

IDkTA(J.1)(== IDATA(J+1)

RD&TA(J+1)<== P

IDhTA(J+1K<== Z

End Do

RDATA&(I+1)<== RDArX(I+1)/SQRT(2**N)

IDATA(t4 1) <= iDArA (i+1)/sQRr(2**N)

E nd Do

If File-Nuzoer =Scala DataL thea

--StoreSa~~t (Fle Number)

E lse

S tore aRD ATA (F--., -_I am be:)

E nd If

End Do

SetDegreesMode

Return

End FXFORM

(This subroutine takas the binary number 21 containing

P3 bi.ts and inverts it end for and, e.g. 310111 becomes

111010.)

Subroutine BI(P1,P2,?3)

P2<== 0
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D4<(== P 1

Do for Z = Ito P3

P4 <== P4/2

P2<== 2*P2

If fracti4on(P4) 0 thqn

P2<== P2 1

End If

P'4<== int(P41

End Do

Re~urn

End BI

(This f unction calcul at es Airy (xc)=2*J 1(xiIxr where J I(r)

*ths Bassel fur4t:tDn of orlc Cie.)

Function AIRY(P1I

If P1 < 0 then

Output 'ERR)-ARGUMENT LESS THAN 3'

S top

End If

IfP1 z: 0 then

R4<-rn 1

Return R4

End If

R5<=- 0
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If pi > 15 then

R6<= 90 + P1 /2

R12<=z 1.4*21 + 60/Pi

End If

if p1 < 5 then

R6<== 20 + 10*p1-p1**2/3

R12<== 6 P 1

Else

R6<== 20 + 12*p1-?1**2/3

R 12<== 1.4*21 + SO/Pi

End If

Do for 1 = 12 -o R6 by 3

F.8 <= 1*e-29

R13<==R14<== 0

if M/2 = int(M/21 then

Flg10<== 0

El1se

Flg13<= 1

End If

Do for J =1 to 1-2

R15<== 2*(M-J)*RB/P1-R13

R13<== R8
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RS<== R13

If H-J-2 =0 than

R%<== R15

End If

If FiglO 3 theni

F1'1O<== 1

Else

End If'

R14<== Rl4+2*R8*Flgl0

End Do

R15<== 2*R8/P1-R13

R1l4<== R14+R15

R4<=R4/'R1l4

If (abs( 4-R5)-abs(R&*1*m--6)) < or =0 then,

R4<= 2*4'L/P1

End If

Return R4i

R5<== RL4

E End Do

Output 'ACCUEA'Y NIOT DBTAIIEDO

Return R~4

End AIRY



* <. , , . . . . . .. .I/ -

(The subroutine Abel takes a o =.-dimensional

line spread function and calculLten a two

dimensional point spread funztion.)

Subroutine ABEL(Fila. Number)

N<== RDATA(1)

RDATA(1)<== 1.4*RDATA(1)-1.3PRDATA(2)+.4*RDATA(3)

Do for I = 2 to 54

M<= RDATh (1I

RDATA(I)<== .L4*N+.2*l-.5*RDATA(I l|

N<- M

End Do

Do for 1 1 tD 54s

RDATA {I)< = = .IDAT& (I) /(2*SQRT((I . I) **2-II) )

Do for J = 1 to 54

RDATA (I1 <==

RDATA(I) +RDATA (J)/SQRr ((J+. 1) **2-I*I)

End Do

RDATA (1)<== RDATA (I) /PI

Output I

End Do

Return

End ABEL
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(This subroutine prints out 13.16a in tabular form.)

Subroutine TABLE(FilaNumber)

In put R Dkf A(File-4 umbe r)

Do for I = 1 to 32

Do for J3 1 to 15

Output RDATA(16(t:-1j+Ji

Erd Do

Output RDATA (16*1)

Ret urn

End TABLE

(This subrouzine p!Dts the desired data.)

(Each time a plot i1s called, tiis subroutiae

plots the particular graph and labels it.

The horizontal axis is labels=d according to the first

and last parameters passed by the calling subroutine.)

SubroutinePLOT (P1 Fi.l1juraber,P3)

Input RDATA (Fi1e3 Number)

A<== 0

* B<== P1

C<=- minimum (RDA1rd

D<-= maximum(RDArA)

XX IN<== -1*(B- Al
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XHAX<= B+.05*(j3-k)

YMIN<= C-. 1*(D-C-1

* - YMAX<== D+.05*(D-:)

E<= B

F<= 10

(Using the value of P1, thie horizontal itcrement fcr

plotting an d labeling is aetecm-*ned.)

If P1 =512 then

3<= 64

Else If P1 =256 then

G<= 32

Else If P1 =64 tbAen

Else

3<=4

End if

Plot B, C, 1

(This lines and pliaces tic macks on the horizontal. axis.)

Do for I =E to 0 by -G

Plot I*(B-Aj fE+A,C,2

Plot I* (B-Al fE+A, C+(D-:) /150,2

Plot I*(B-AI'/E+A.C,2

End Do
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Do for 1 0 t66o F

PlIot A,I*(D-Z)/F+C,2

Plot A+ (B-A) /150,t1*(D-C)/IF+:,2

Plot &I* (D-C) /F*:,2

End Do

Charact er Size 1. 2 1,. 7 0

(This numerically libels the wer, cal axis.)

Do for I =F to 3 by -1

Plot A-.075* (B-Al I* (D-Z) /F+C,1

Label I/F

End Do

.6hs sets up a chicactar s. --.g for a-i g~ e vria

ax.,s.)

If P3 =0 then

ASTRING<== 'DATA POINTS"1

L<- 1

Else If P3 2 then

ASTRING<zs 'LINES/MI:R3RADIAN'

L<- 1/(2*LI

End If

(This numerically libels the horizontal. axis.)

Do for I 0 to E by
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Plot A+ (I/E-. 025) *(B-Al ,C-. 025* (D--) ,1

Label I*L

-. End Do

If P3 *0 then

L<== Scale Factor

End If

(This libels the hocizontal axcis.)

Plot .4*(B-A) +A,. 35* (D-C) +C, 1

Label ASTRING

Plot -07* (B-&) +A, .3*(D-C) +Z, 1

CharacterSi4ze 1 .2,1,.7,90

ASTRING<=- #NORMALIZED INTENTSITY'

Label ASTRING

CharacterSize =.5,1,1.5,3

(This plots data.)

Pl ot I max imum (RD~kTA (1) ,1

Do for I1 1 to P1

Plot I-1 R DA r A(I)

End Do

If P3 a0 then

4 Input PLOT-LABEL

ISTRING<zz PLOT-LABEL
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Plot .6*B, 9*D, 1

Label 'PLOT OF'

Plot .6*B,.87*D~l

Label ISTRING

Plot .6*B,.84*D,l

Label ESTRING, 'Laser'

Return

End PLOT



V. COZLUSION

The work reportal in this thesis supports the Rodel

predicted and measural in Crittenlen, and others, for the

long exposure case [Rmf. 2]. ]!he vidicon, in replacing the

mechanical slit scanning system, shows no degrading of the

signal data. It also demonstra:es that a good approximation

for the point spread function aay be xada by acozi. :.

single TV line through a laser spot. This lins is then used

to calculate the one-limensional line spread function. The

linearity of the video tape r.zorler is seen in the results

of the MTF and Cn2. The 468 os-cilloscope is the workhorse

for the enti- systen. It effectively displays, stores,

digitizes, and transfears data oa a real tiis bas's.

The overall systan does not have the capability of the

system described by Crager. However, the relative

simplicity cf the structured programming technique coupled

with a lower equipaant cost demonstrates that comparable

measurements and data evaluation using this equipment can be

made. Further investigation shioald include use of the Data

Precision 6000 digital waveform analyzer thereby allowing

data to be sampled and analyzed on a near real time

basis.

%"
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APPENDIX A

0: HL.-NE:SOURCE ON 9,SCALE ON ,&COLLIM'ATED ON 5":
1: "GA-AS:SOURCE ON 8,SCALE ON 6,&COLLILNATED ON 4":

*2: ent'"SELECT CODE FOR PRINTER",A;dev "1print",A
3: tint 1,z,c;tmt:l,t8..z;tmft 3,rt8.1
4: dimi IS.110241 ,R(5121 ,Yt5121 ,C$f201 ,D$1201 ,E$112Q1
5: alim I[5l21,A$a[321,B$[201,A[2,21,Ea[2,1] C[2,11
6: but -CATA",IS,3;ina Y,I,R;0.R-W.lV-U;1.L;but "1",1$,3
7: beepcasp "EtMiER LASER USED";wait 1500
8: ent "EE-NE=1,GA-AS=0" *%
9: it i 1;"HE-NV.E$;9.Q;jw-p 2
10: " GA-AS.E $; 8 -.
11: beep;dsp E$&" SOURCE DATA RECORDED?";h*ait 1500
12: ent "I=YES,O=NO" V'
13: it V=0 anda W=l;stg G;cli. *'TRANSFER'(Q) ;Jip 2
14: if V=O and Y4=; sg 0;c11 " TRANSFER' (Q)
15: beep;ent "PLOT OF SOcRCE?,1-YES,0=NC".R
16: it R=I;cll -PLOf'{512,Q,r0)
17: beep;asp E$&" SCALE CATA RECCRDED?";wait 1500
18: Deep;ert "1=YES,U=NV",U,
±9: it U=0 and w=l;stg O;Cll -TRANSFER ' (7-r,) ;jn"~p 2
20: if U=G aria v=0;sfg 0;cll T.MANSFER'(6-Q)
-1: beep;asp "WHiAT IS SCALE FACTCR--";Wait 1U00
22: ent "SCALE FACI0R=?;O GETS PLOT" .S
23: it S=O ana U#0;Q -. ;cllPO(52~Q
.24: if S=0 ana (J0;cll PLOT'(512,(.bO)
25: it S=0;jmp .-3
26: S-L
27: it W=l; 9-kT.PQ;p 2

29: lot T,I$,Rf*J
.10: pos (I$,"1R: ") B

.32: pos(I$,"I.T:".).B
33: 1I [B+3,B+4J.-A$
34: lot .T-2,I$,RII']
35: pes (I $,"R:".
.-6: val(I4[B+2,B+4]).r2
37: pos(I$,"1LT:".-B
38: I4(B+3,B+4I.8$
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3 9: '10t -T-2,I$,Rf*J
40: pos(I$,"R:") -B
41: val(I$(B+2,B+4J+)-r3
42: pos(I$,"'LI:".)-B
43: I$[B+3,B+4]).C$
44: if r2=rl and A L=B$ and r2=r3 ana B$=C$;jmp 2
45: beep;cisp "ERROR IN TIM.E SCALE";stp
46: "B':ldf Q.I$,R[*I;ina Y;ara R-oY;0.A.BCK-
47: for 1=1 tc 512
48: A+Y[I].A;if I(5-1;B+Y[IJ.B
49: if I>463;B+YIIJ.B
50: next I;prt A,B
51: B/100.D;A-r512*D-,.A
52: tor 1=1 tc 5l2;Y[IJ-D.)ctIJ;C+Y[IJ.,C
53: if C(A/2;I.J
54: next I;prt C,J
55: for K-1 to 256
56: Y[ (J.-K+IL)mo512+lj+Y[(K+J-1) ncc512+1J .L[KJ
57: next K;ina R;ara I-R

* 58: "IMAGE POINT SPREAD FCN".I$;rcr 10,IS,R[*]
59: beep;ent "PSF CU.TPUT1l AND/OR CONI" Z
60: beep;ent "PSF PLOT=1 AND/OR CONT",Y
61: it Z1l;cll 'TABLE '(10)
62: it Y1l;cll'I 'PLOT(32,lC,1)
63: zin(I[*].)-r22;snax(I[*].)-*r22
64: prt r22,r23
65: oeep;ent "LSF OUTPUT.1l AND/OR CONT" ,Z
66: beepR;ent "LSF PLOT1l AND/CR CONT',Y
67: cll 'LSF';"hINAGE LINE SPREAD FCN"-I$;rct 10,I$,R[*I
68: if Z1I;cll "TABLf'(10)
69: if Y=1;cll 'PLOT '(32,10,1)

* 70: "CALCULATION CF FXFORM OF LSF":Iaf 10,I$,R(*1;ila I
71: ara R*I
72: Lf1J.R[i];tor I=2 to 256
73: I[IJ.RflLIR[514-II;next I
74: R[256j.R[257];rct 10,I$.R[*]
75: C1. 'FXFOR1i'1;"FXFORM OF IMAGE LSF'.,I$;rcf l0,I$,R(*]
76: beep;ent "FXFORM OF LSF OUTPUT.=l AND/CR CON'T" .Z
77: beep;ent "FXFORM OF LSF PLOTIl AND/OR CCNT" .Y
78: if ZlI;c.1 "TABL9E(10)
79: if Y1;c1'PLO ' (32,10,2)
80: "B-DIA OF CBSCLJR/DIA OF OBJ LENS IN METERS":
81: "B-0.064/.164":
82:. "ri-SCALE OF DATA IN MICRORADIANS,rl-el.60":
83: "O-DIA OF OBJ LENS IN METERS;0-0.164M":
84: "W-WAVELENGTH IN METERS":
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5:"CALC CF DIFFRACTION LIMIT POINT SPREAD FCN":
bb: mna R;it w=1;b.328e-7.W;jmp 2
87: 9.U5e-7.oN
88: .064/.164*B;.164.O;L-orl
89: B ^2.D; 1-D-H; Ti*rl*O*1e.6/w-z
90: for 1=1 to 256
91: Z*(I-1).Y;iE Y>30;gto +3
92: (-AIR (Y)D AIRY' (Y*B) 2/H2RI
93: I-i(;gto +2
94: 0.R[I]
95: txi .!; asp R[I];nex t I; "OPTICS FUNCTION "-I
96: rct 11,I$,R[*J
97: beep;ent "OPTICS FCN PLOT=1 AND/OR CONVL"Y
98: it Y1l;cll 'LT'3,11
99: sig 5;cll*'LSF';"LSF OF OPTICS FCN'.I$;rct 11,I$,R[*I
100: beep;ent "PLOT OF LSF OF OPTICS FCN=1 AND/CR COI'iV',Y

102: sig 5;ina I;ara R-I;I.f1J-.IIj
103: for 1=' to 4-56;I[II.R[I].R[514-I];next I
104: R[256]1.[257];rcr 11,I$,R[*I
105: cl "FXFOR&9; "FXFCRM OF LSF OF OPTICS" -1 ; rct 11, 1$ R.*
106: beep;ent "PLOT OF FXFM~ OF OPTICS=1 AND/OR CONT",Y
107: if Y1I;Cll "PLOT '(256, 11,2)
108: "CALCULATION OF Q-UO'IENT OF TWO FOURIER TRANSFORN:S":
109: lai 10,I$,R[*J;ina I;ara R-oI
110: laf 11,I$,R[*]
I11: for '1=1 to 256
112: I[I]/R[I]-.R[I] ;next I
113: "tINTF OF ScYSTEM"-I$;rcz 10,I$.RI*I
114: beep;ent "PLOT OF IMTF OF SYS=1 AND/OR CONI"1,Y
115: it Y=1;cl1lO I(32,10, 1)
116: 0.r17.r18.'rl9.r20.or21.r22-r23-r24-r25
117: tor 1=1 to 96
118: 1(- 1) *LV(10 /3) -r18
119: r18+rl7.r17
120: 1(- 1) * L)5 3) -r 19
121: r19+r20.r20

*122: I~r21 ocl
123: it RjL]<=0;gtc CC
124: (In (R[I) ).r24) *r19+r23-r23
125: r24+r25-or25
126: "CC"':next I
127: prt r.17,r20,r21,r2-,r25
128: r20-A[1,11;r2l1.A[1,.1;rl7*A[2,1];r20.A[2,21
129: r25*C [1, 1]; r23-C. 2, 1]

*130: inv A-A;wat A*C-B;tlt 5;aprt B
131: '"CALCULATION OF CNSC":
132: El[ 1,11/(21.4 9* 145* r20*W(%^.3 333 3)).or22
133: prt "CNSQ='*r22;stp



134: cf9 ;laf 2
13--5: ".lRAN SFER" :beep; asp "ENSURE EQUIk. SET UP PRHO-PERLY"
136: wait 1500
137: asp "PRESS CONTILNUE WHEN READY";Stp
138: dsp "waiting ";wait 1500
139: but "DATA";0.OZ
140: tfr 703,"DATA"
141: asp "transferring"
142: rds ("DATA") *E; it E=-1;jmrp 0

*143: clr 703
*144: dsp "setting output"

145: pos (I,% ").-A; 1-N
146: for I=A+2 tc 687 Lty 16
147: for J=1 to 16;if J-iI>688;0.rJ;jmp 3
148: num (I4[I+J] )-rJ
149: rJ-Y(N]
150: L'+1-N
151: next J
152: next I
153: nrin(Y[*I)-*E;for 1=1 tc 512;Y[Ij-E.Y[I];rext I
154: mna R;ara Y.R;rcz p1,I$,R[*I;ret
155: "LSF":iit LLg5;laf 11.I$.R[*];jnrp 2
156: ldf 10,I$,R[*]
157: mna I;ara R.I;ior 1=1 to 24
158: 1.J;asp I;L[II.(Q
159: V(I*I+J*J)-R
160: 2*((1-trc(R))*I[3.nt(R)I+trc(R)*Ifint(R)+1l)+..
161: J+1-oJ;it R<24;juxp -2
162: Q.L[IJ
163: next I;ina R;ara I-R;if tlgS;rcf 11,I$,R[*.I;czg ;ret p1
164: ret p1
165: "FXFOR?1":rac;9*N;ina I;i± zlg5;lat 11,I$,Rt*];jrrp 2
166: laf 10,I$,R[*]
167: !/2^(N-1)*T
168: for M-1 to N;p2^(N.-P!).r0
169: for J-0 to 2 (Yl-1).-1;cll B(,~~1
170: cos (P*T).PC;sin(P*T)*(1-2*t197)-P
171: for I=2*rO*J+1 to 2*rU*J+rG
172: RLI].rl;RIII+rUI-r2
173: I[I].r3;I[I+rOJ-r4
174: rl+r2*C+r4*P.R[IJ ;r3+r4*C-r2*P.I[I]
175: r1-r2*C-r4*P.RtI+rO];r3-r4*C+r2*P-I[I+rOI
176: next I;next J;asp m;next Lu
177: for I-0 to 2AI.l; 11J3I" ( I JN)
176: it I-J>0;gto '%S"
179: if I=J;gto "INC"
180: RjI+1j/4(2^N)-P;L[I+11/4 (2^N)-Z
181: R[J+1].RII+I.I;I[J+11.LtI+1]
182: P-R[J+1] ;Z.I[J+1]
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183: "INC":R[1 +11y(2N)-RI +] ;I [+1 /vj -)I [I+1
184: "BB":next- I
185: it tig5c;rcr 11,I$,R[*I;aeg;ret
.Lb6: aeg;ret
187: 'IBI 'I:0.op!;pl.p4
188: tor Z=1 to p3
189: p4/2-p4 ;2*p2.op2
190: it rrc(p4) #0;p2+1+pE2
191: int(p4)-p4
192: next Z;ret
193: "AIRY":if pl(C.;beep;dsp "error-arqunment<U0";stp
194: it pl=0; 1-r4; ret r4
195: 0-r5;if pl>15;jnip 2
196: 2G+10*pI-pl^2/3-r6;jnrp ,.
197: 9U+pl/2-r6
198: it Pl(5r;6+ol-r12;jrrp
199: 1 .4 *pl1+6G/ 1 -r 12
200: ffax(intr1;-),nt(3+pi/4)).r12.
2u1: tor ,%=rl2 to r6 by 3;Jle-264r6;G-rl12.r14
2 Q2 S t; 1U; itr Y/ 2 = in t(2) ; c rg 10U
203: for J=1 to Li-2;2*(L.,-J)*r/p1-r3rl5;r8.rl3
204: r15.r8;ii M-J-2=6;rl15-r4
205: crnf 10;r14+2*r8*t1910.r14;next j
206: 2*rb/p1-rl3.rl5
207: r14+rI5-r14;rf4/r14-r4
2 ( 8: a1: s r4-t5.a r4e )<=0 r 4/ p1 r 4;r et r 4
209: r4.or5;next Pi
210: beep;disp "ACCURACY NGT CB -AIDEL"; wait 15U0G;ret r4
211: '".ALE' iat pI ,R[*R
212: tor 1=1 to, 32;zor J=1 LL 15
213: wrt "print.2" R[.16(I-I)+%Jj;rext j
214: wrt "print. 3" R[1II];next I;ret C-~Z
215: "PLOrI:lot p2,ISR[*]
216: 0-A;pl1.D;min(ht*]).C;,iTax(R[*]).D
211: scl.1(-)h0i-)C-i~C,~.5DC
218: &.-E; 1G.F
219: it F1=512;64.oG
220: if pl=256;32.G(
221: it pl=64;b-G
222: if pI=32;4-G
'2 pit B,C,1
224: ror 1=E tc 0 by -G
225: plt I(B-A)/E+AC,2
226: plt I(B-A)/E+A.c+(D.-c)/15o,2
227: plt I(t3-A)/E+AC,2
228: next I
229: tor 1=0 to F
230: plt A,I(D-C)/F+C,2
231: pit A+(B-A)/150,I(D-C)/F+C,2

93



22 pit A,I(E-C)/F+,
23: next I;pen

235: txa 1
236: for I=F tc 0 ty -1
217: pit A-.075(6-A),I(D-C)/f-+C l
238: 1lb1 I/F

* .2-9: next I
* .240: txc 0

241: it P3=0;"DATA POINTS'*A$;l1.L
*-242: it ;p3=2; "LIN ES/tvICRCRADIAN "-A$; 1/ (2*L) -sL

243: for 1=0 to E by G
244: pit A+(I/E-.02-54)(13-A) C-.U25(D-C) l

*245-: Ibl I*L
;46: next I;ii p3#0 and p3#2;"M.CRCRAJDIANS"-A$

* 247: it F22
248: pit .4(B-A)+A,-.JU5(D-C)+C;lri A$
249: pit.-.07(B-A)+A,..3(D-C)+C;csiz 1.2,1,.7,9G
250: "NORN~ALIZED IN.TENSITY"*A-, 101 A$
251: csiz .5,1,1.5,0;0-1
252: pi t I , ma x(M*)
253: tor 1=1 tc pl;plt I-i,R[Il;next I
254: csiz 1.2,1,4.7,0
;55: if P3-#0;gtc +2
256: beep;ent "PLOT LABEL?" ,I$
257: plt .6B,.9D,1;ibl "PLOT OP"
2506: pit .6,6D1llI$
1259: pilt .bB,.84L;,l;itl E$,', LASEF"
2bC: pen;crg ;ret U.Y
*26629
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0: "CM61FIP(ED SOURCE PATIW'E~"
1: mna R; 1000-PA,-,*L.@C;trk 1;tat 10
2: tar I=l tc 256
3: L*(L-I3hF
4: F% /(2*C2) -G
5: if G>13;jn'F 2
6: A*exp(.-G).PR[LJ;I-K;jmp 2
7: 0.RfI
8: next I
£: '"COMIPUTED SOURCE"-I$
10: rcf 1O,I$,Rf*j
11: beep;ent "PLOT OF CCbrPU'IED SOURCE-1 AND/CR CN I".Y
12: it Y=1;c11'"PLCf'(32,10,U)

14: cll LSe'
15: "LSF OF COMPUTED SOURCE"*PI$
16: rcf 10,I$,R[*]
17: beeFpert "PLOT OF LSF OF CC'YP SOURCE1l AND/OR C0N2 .W'
18: it Y=l,-cll"PLOT'(32,10,G)
19: "CALCULATION OF FXFORM OF LSF OF CONPUT1ED SOURCE":
20: ina I;ara R.I
21: I[1J*RI1I
22: tor 1-2 tc 256
2 3: IAII -RfI I.mR[514-Ij ;next 1
24: R[2561-oRe257] ;rct 10,I ,R[*)
25: cll - FXFORM1
26: "FXFORI OF LSF OF CALC SCUIRCV'.I5;rct !G,I$,Rl*l
27: teep;ent "PLOT OF FXFY2 OF CALC SRCE1l ANE/CR CCNV',Y
28: if Y1l;cll*'PLOT;(256,10,2)
29: "CALCULATICN OF PRODUCT OF 2 FXFORM~S":
30: lot 10,I$,R[*I;ina I~ara R.PI;trK 0
31: lot 10,I$,R[*I]
32: for 1=1 to 256
33: RfIj*L(I1oR[I] ;next I
34: rcf 10,I$,RL*]
35: "TRANSFER FCN OF SOURCE*ATMvOSPHERE*OPTIC S":
36: lot 11,I$,R[*.j;ina I;ara R-I
37: I.1jl*R~lI.oR[1J
38: tar 1=2 to 256

40: next 1
41: R1256]1.R[257]
42: "FXFM OF SOURCE*ATMOS*OPTICS'.0I$
43: rct l0,I$,R[*]
44: beep;ent "PLOT OF FXFM PRODUCTS-1 ANC/OR CONI" .Y
45: it Y=1;cl PLOt"(32,10,2)



46: "INVERSE FXFCRMb GI~vES TARGET LSF":
47 : srg 7;cll "FXFGRi'i;Czg 7;"INVERSE FXF0RM"i'1$
48: rcf 10,1$,R[*]
49: ceep;ent "PLOT OF INV FXFv1=. AND/OR CCL""
50: it Yrn1;cll ' PLOT;'(34,10,0)
51: "CONVJERTS LSF TO PSF BY ABEL TR~ANSFORM'":
52: ~l ABEL ';"ABEL *XFOPNr PSF" -I$

53: rcr 10,I$,R[*];sfg 0
54: beep;ent "PLOT OF ABEL XFCRM11 AND/CR CON ",Y
55: if Y~l;cll1PLOf'(32,10,O);stp
56: "CALCULAIES FRACTION OF POWER INSIDE CIRCLE OF RADIUS R":
57: .25*,r*RflJ.PR(1I
58: for I=2 to 256
59: 2f*I*R[I]+RjL-L1J.R[I]
60: next I
61: "POWER FRCTN INSIDE CIPCLE"-I$
b 2.: rci lU,I$,ERf*I
63: beep;ent "PLOT OF POWERl AND/CR CONT" ,Y
64: it Y1l;cll 1PLOt-(32,10,C)
65: stp
66: "LSF":ir tlg5;lui l1.I$.R[*I;,jnrp 2
67: lot 1U,I$,R[*J
68: mna I;ara R-I;tor I=1 to 24
69: 1.J;Gsp I;IfI].WQ
70: (1* I+J *,I)-R
71: 2*((l-rrc(R))*Itint(i)J+rrc(R)*I.[int4R)+1I )4, .
72: j+l.J;it R<d'4;lltF -2
73: Q-.ItIJ
74: next I;ina R;ara I.oR;if tlg5;rct JlI,[]c9;ret pl
15: ret p1
76: "FXFORM":rac;9*N;ina I;it tlg5l';lat 11,I$,R[*J;,-!mp
77: lot lu,I ,R[*]

79: for r41 to N;2^(-.).rO
80: for J-0 tC ~M1.1c1BvJPN1
81: .ccs(P*T).C;sin(.P*T)*(1-2*tlg7).oP
82: for I=2*rO*J+1 tc 2*rO*J+rO
83: RIII-rl;.R[I+rO].r2
84: I[IJ~r3;ILfI+rO]Jor4
85: rl+r2*C+r4*P-RIJ;r3+r4*C-r2*P.IfIJ
66: r1-r2*C-r4*P.RfI+r0I ;r3-r4*C+r2*P-I[I+rOJ
8 7: next I; next J ;dsp b .; next M
88: for I=0 tc 2^N-l;c~l-8B1(I,J,N)
8S: if. t-J>0;gto "BE"
90: if t.J;gto "INC"
91: R[I+1J /V(2 N)*P;L[I+1J/V(2 N)*Z
92: R[J+1J.R(1+11;I[J+1J.*L[I+1J
93: P.R[J+ILj;Z-oI(Jilj
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95: uEBU:next I
96: Geg;ret
97: "BIV:0.-P2;pl~p4
96: for Z-1 to p3
99: P4/2-p4; 2*p2-p2
100: if trc(]p4)#0;p2+1.p2
101: int(p4)-p4
102: next Z;ret
103: *"ABEL":ina R;ldf 10,I$,RL*j;R[11.N

*104: 1.4*R[1j-1.8*R[2Iih.4*R[3j.Rf1J
105: for 1=2 tc 64
106: R(IJ.M
107: .4*N+.2*M .6*R[I+lJ.R[Ix];M-N;next I

*108: for 1-1 to 64
109: R(I]I/(2*1 ( (Ih.1) ^2-I*L) ).R[IJ
110: for J=1+1 to 64

112: next J
313: if R[L]<.01;0.R[Ij
114: R[I]/rr.R[Lj;asp I;next I
115: for 1-65 tc .512;G*R[I]J;next I;ret
116: "PLOT":loit p2,I ,R[*j
117: 0.A;p1.B;umin(R[* ).*C;jrax(R[*] ) *0
118: sci A-.1(8-A),B-.eO.05e-A),C-.1(j;.-C) D+.05(D-C)
119: B-E;10-*F;it flgo;prt A.B,C,D
120: it rl151;;64.*G
121: if plin256; 32-PG
122: if p1s64;8.G
123: if p=32;4*G
124: plt B,C,l
125: for 1=E to 0 by -G
126: pIt I(B-A)/E+A,C.2
127: pIt I(B-A)./E+A.C+(D.-C)/150,2
128: pit I(B-A)/E+A,C,^4
129: next I
130: for I-0 to F
131: pIt ArI(C-C),E'+C,2
132: plt A+(B-A)/150,I(D-C)/F+C,2
1'3: pit A,I(L-C)/F+C,2
134: next I;pen
135: csiz 1.2,1,.7
136: txa 1
137: for I-F to 0 by -1
138: pit A-.075(a-A),I(D-C)/F+C,1
139: 1bI I/F
140: next I
141: fxd 0
142: ii P3m2; LINES/R4ICRCRADIAN"4A$;1/(2*L)-L

*143: for 1=0 tc E by G
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144: pitA(IL.2)(-),-t2(C)1
145: Ilbi I*L
146: next I;if p3#2;"MICRORADIANS"-A
147: if P3-2;S*L
148: pit .4(B-A)+A..-.05(D-C)+C;lbl A$
149: pit .-.U7(B-A)+A,.3(D-C)+C;csiz 1.2,1,.7,9C
150: *'NORI4ALIZEDi INTENSITY".A$;lbl A$
151: csiz .5,1,1.5,0;0-1
152: pit I,umax(RI*J),1

*153: for I-1 to pl;plt I-1,R[I];next I
*154: csiz 1.2,10.7,0

155: pit .6E,.9D,1;101 "PLOT OF'"
156: pIt .6JB9.87D,1;ibl I$
157: pit .68..84D,1;Ibl ES." LASER&"
158: "RE)V':pen;ctg ;ret 0-Y
*17524
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